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The current point-based satellite electronic subsystem engineering design process 
is insufficient to address the dynamic operations and post-mission reuse of small 
satellites. Also, space systems and missions require an adaptive architecture(s) 
that can withstand the radiation-prone flight environment and respond to in-situ 
environmental changes using onboard resources while maintaining optimal 
performance. This enormous conceptual design variables space/task of highly 
adaptive small satellite (HASS) system can be too large to explore, study, analyse 
and qualify. 
This research involved a parametric electronic subsystem engineering design 
process and methodology development for the production of sustainable capability-
based small satellites. Consequently, an adaptive multifunctional architecture with 
five levels of in-orbit spacecraft customisations that eliminate subsystem 
boundaries at the system level is presented. Additive manufacturing methods are 
favoured to fabricate the proposed adaptive multifunctional monolithic structures. 
The initial system engineering analyses reveal that the HASS system has mass-, 
cost- and power-savings over the conventional small satellite implementation.  
An adaptive small satellite link performance improvement satisfying a less than 
2 dB link margin loss for a 0.1 dB in-band noise figure ripple has been established.  
Moreover, a power budget model for HASSs that ensures a reliable solar array 
design and eliminates undue equipment oversizing has been developed. An 
adaptive broadband beamformer that can improve the satellite link margin has 
been designed. Also, an estimating relationship has been developed and practically 
validated for the operational times analysis of small satellite subsystems. The 
reported novel findings promise to enable capability-based, adaptive, cost-
effective, reliable, multifunctional, broadband and optimal-performing space 
systems with recourse to post-mission re-applications.
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The advances in electronic subsystems technologies have continued to enable 
multipurpose capabilities for terrestrial and space communications 
applications and reuse. The device standards onboard space equipment have 
been greatly influenced by very large scale integration (VLSI) and embedded 
systems spanning active and adaptive semiconductor devices technologies.  
Multifunctional complex satellite subsystems can be realised as an 
integrated entities design [SE1]. Multifunctional structures [SE2, 1, 2] enable 
volume and mass savings of a spacecraft to be about 80 % and 90 % 
respectively; the combined assembly and rework labour also decreases by up 
to 50 % [1].  
Furthermore, the widespread adoption of additive manufacturing (AM) 
techniques and/or unitisation construction processes has enhanced the timely 
and cost-effective fabrication of complex satellite structures with stringent 
requirements [1, 2]. It is 3D printing in an industry scale. AM provides the 
facility to investigate new manufacturing and materials technologies prior to 
effecting the large capital investments associated with the component- and 
system-levels production. Innovative design processes (such as 
multifunctional structures) that are not feasible and/or economical using 
conventional machining techniques can be implemented with the design and 
flexibility enabled by AM. Hence, it is possible to fabricate subsystems with 
internal layers and/or features. This is very desirable for miniaturised 
multifunctional small satellite electronics, sensors and thermal regulators [2]. 
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The consequence is the accomplishment of multipurpose space missions 
enabled by light-weight smaller satellites which are reliable, optimal and 
economical.  
The prevailing applications and/or opportunities for this research work 
span the following thus: 
 The need for an electronic subsystems engineering analysis tool for 
the combined conceptual and mission design of adaptive small 
satellites [SE1]; 
 In-orbit satellite reconfiguration for quality and reliability [SE2, SE9]; 
 Advanced radio access technology(s) [e.g., the fifth-generation (5G 
standard)] for integrated space-terrestrial communication networks 
[SE3–SE6];  
 Advanced additive manufacturing of multifunctional small satellites for 
very rapid manufacturing and significant cost reduction [1, 2, SE10]; 
 Post-mission satellite reapplication [SE1, SE11, SE12];  
 Satellite subsystems operational times reconfiguration [SE2, SE10];  
 Availability of  digitised analogue subsystems design tools [SE5, SE6];  
 Seamless ubiquitous global communication [SE5, SE6]; and 
 Emerging markets and use cases: [SE1–SE3, SE5]:  
o Increasing access to broadband (internet); 
o High speed and secure data networks; 
o Increased connectivity in dense or remote areas; and 
o Internet of Things (IoTs). 
The Worldwide Mission Model (WMM) [3] has been developed to assess 
and predict the future space payloads market each year. A snapshot of future 
payloads for the period 2011 – 2030 (released in 2011) indicates that 2,315 
proposed payloads are underway; this is 14 % and 4 % greater than the 
2009 and 2010 figures respectively. The WMM further reveals that a 
considerable growth in the space payloads market is expected to be from the 
small satellite programmes spanning mini-, micro-, nano-, pico- and 
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femtosatellites (Table 1.1.1) [1]. The dominant orbits (Figure 1.1.1) for 
deployment are the low-Earth orbit (LEO) (1,465) and geostationary orbit 
(GEO) (532) by 2030.  
 
Table 1.1.1. Space Payloads by Orbit and Mass [1] 
Payloads Yearly total 
By orbit 2011 2012 2013 
Low Earth orbit 246 268 245 
Geostationary orbit 56 94 63 
Medium Earth orbit 12 9 13 
Deep space 24 24 13 
Elliptical orbit 13 2 1 
Total 351 397 335 
By mass (kg)    
1 – 500  157 172 181 
501 – 2,000 106 118 86 
2,001 – 4,000 28 37 22 
4,001 – 6,500 42 22 31 
Over 6,500 18 18 15 
Total 351 397 335 
  
Small satellite research has been around for approximately thirty years 
[1–11]; the present challenge is that of making it more application-
independent with attendant merits. The National Aeronautics and Space 
Administration (NASA) has proposed five goals for small satellites such as 
nanosatellites: [8] 
 Advanced capabilities; 
 Advanced system architecture and practical; 
 Less cost for launching and shorter period for fabrication; 
 Ability to verify new design scheme(s); 
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 Adoption of application-specific integrated micromachines (ASIMs); and 
 Ability to propel the application of some commercial technologies. 
 
(a) By Inclination 
 
(b) By Shape 
 
(c) By Altitude 
Figure 1.1.1. Types, Shapes and Properties of Earth Orbit 
 
The above objectives can only be realised through an intelligent selection 
and adoption of emerging subsubsystem, subsystem and system design and 
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integration technologies and architectures. This would also encompass using 
scaling strategies [SE10] to enhance spacecraft design [SE1] and 
manufacturing [1, 2]. For instance, CHIPSAT or satellite-on-the-chip 
development is an area of research that houses the conventional satellite 
subsystems [4–12] on a small microelectromechanical system (MEMS) 
substrate [13]. Application-specific integrated circuits (ASICs), field 
programmable gates arrays (FPGAs) [12, 14], monolithic microwave 
integrated circuits (MMICs) and MEMS are the present driving technologies 
behind CHIPSAT and further advances in these areas reveal a promising 
future for this novelty [15–20]. Technology drivers for small satellite systems 
revolve around CMOS-based integrated circuits (ICs), printed circuit board 
(PCB) integration of ICs, sophisticated ASICs, FPGAs, MEMS, multichip 
module (MCM), system-in-package (SiP), system-on-package (SoP) and 
additive manufacturing. These advanced design technologies, architectures, 
production approach and packaging techniques have enabled novel research 
pursuits in the design of heterogeneous multisubsystem system-on-chip 
(SoC) [15]. The SoC architecture bears less number of off-chip and interchip 
connections. This greatly enhances its reliability and reduces power 
consumption. The MCM technique enables unpackaged ICs to be integrated 
on different substrates onboard a SoC; the interconnects linking the 
components together are finer than a PCB implementation. MCM comes in 
grades: MCM-L is akin the conventional PCBs with no allowance for 
multicomponent embedding in multiple layers; MCM-C (ceramic substrate) 
and MCM-D (thin-film substrate) allow multicomponent embedding. In a SiP 
implementation, the SoC design features a system-level function in a chip 
package; passives and silicon devices (dies) are all mounted on the same 
substrate. This increases the quality of the functional unit and requires very 
few external component footprints to accomplish the mission. The SoP 
integrates device-level technologies for multipurpose applications. It houses 
the SiP and external components in a single module. The components are 
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codesigned and fabricated together at the IC and package levels; the SoP is a 
system that harnesses the best features of these two scaling strategies. 
Several digital, analogue, optical, sensor and control functions are 
implemented on the same substrate platform [15]. 
Micro- and nanosatellites make use of VLSI and embedded systems 
technologies [20, 21]. These also lend great credence to MEMS substrate and 
could be designed to be application-specific or field-programmable [22]. 
Active devices employing the hybrid MIC have not been greatly used in the 
past for developing small satellites due to their inherent limitations – 
narrowband, weight and size. The advent of the MMIC technology has 
ushered in tremendous breakthroughs in this area especially in the design of 
reliable reconfigurable switches and active antennas [22, 23]. Also, field 
programmable gate arrays (FPGAs) can enable the key performance traits of 
ASICs and microprocessor-based devices [12, 14, 19, 20]. It does system 
configuration and real-time reconfiguration for diverse custom hardware 
platforms; this is very attractive for a small satellite design. 
Moreover, the applications of radio frequency subsystems in satellite 
communication systems have continued to expand with attendant challenging 
system-level performance requirements. For instance, the performance 
constraints of a RF transmitter include, but are not limited to, handling 
multiple carrier frequencies, widely varying RF power levels, differing 
modulation formats and linearity specifications and varying impedance 
provided by the antenna [22]. A power amplifier that operates on any 
frequency band adds value to the spacecraft system reliability and availability 
[23–30]. Hence, achieving the same performance at broadband as in 
narrowband frequencies is highly desirable. This would involve retuning the 
power amplifier subsubsystem onboard the spacecraft at the different 
frequencies rather than using one broadband amplifier. Some of the benefits 
of adaptive amplifiers [21] onboard a spacecraft include: 
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 Reconfiguration to support different spacecraft mission objectives 
(such as switching from communication to radar applications; a typical 













Figure 1.1.2. A Multifunctional Communications and Radar System [21] 
 
In Figure 1.1.2, quasi-orthogonal linear-frequency-modulated (LFM) 
waveforms are used for both the communications and radar subsystems; the 
LFM waveforms obviate the need for time-division multiplexing. Modern 
systems (such as personal digital assistants and cell phones) deploy 
multifunctional architectures to enable simultaneous operations of different 
multicomponent systems. A multifunctional system also benefits from low 
cost and reduced size and volume. These advantages have been exploited by 
the military in the development of broadband RF antenna systems that have 
the capabilities for simultaneous radar, electronic warfare and communication 
operations [21]. The multifunctional communications and radar system has 
been implemented at a centre frequency of 750 MHz. With the simultaneous 
operations, an instantaneous bandwidth of 500 MHz was achieved. A radar 
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1 Mbps were used by the investigators to conduct a performance test; the 
probability of detection, probability of false alarm and BER were measured as 
99 %, 7 % and 2 x 10-3 respectively [22]. The communications and radar 
functions are accomplished through a shared aperture or single transmit 
antenna. The communication receiver employs a right-hand circularly 
polarised (RHCP) helical antenna and the radar receiver, left-hand circularly 
polarised (LHCP) helical antenna. Opposite antenna polarities were used for 
the radar receiver and transmitter to check the effect of reflection while 
operating in the bistatic radar configuration. 
 Onboard tuning after manufacturing; this obviates manual tuning and 
associated cost, relaxes component tolerances and reduces amplifier’s 
susceptibility to temperature variations/aging. 
 Nominal operating conditions can be selected as opposed to worst case 
design margins. Hence, tuning and bias conditions are adapted to system 
demand to improve efficiency and linearity of the amplifier. 
Considerable work has been ongoing for over ten years in achieving 
adaptive circuits for microwave subsubsystems, subsystems and systems. 
Operational requirements such as variable microwave output frequency, 
variable output power level, variable modulation formats, variable antenna 
impedance and variable interference sources and constraints characterisation 
have been developed [21].  
A key issue surrounding spacecraft in orbits is the impact of the solar 
radiation on the onboard semiconductor devices [17]. Hence, it is not enough 
for a system to be adaptive, it must survive in the unpredictable environment 
where it is deployed. Consequently, radiation-tolerant adaptive devices (such 
as field programmable gate array (FPGA)) have been developed and qualified 
as independent and integrated subsystems for control and signal processing 
applications. The monolithic integration of FPGA and GaAs-based 
RF/microwave subsystems promises to enable reliable deterministic satellite 
operations [SE10]. 
Introduction   Motivation  
21 
 
Though space systems and subsystems technologies have recorded 
unprecedented advances in the last forty years [3, 17], the system-level 
focus of the conceptual design phase for any given spacecraft requires 
optimality and not feasibility. Thus, the design model of the spacecraft must 
have cost and performance elasticity to changes in system requirements and 
applications for optimal results. Adaptive and multifunctional systems enable 
the reconfiguration of their functions and/or characteristics to meet various 
operational margins and emergent environments. This is why system 
resources adaptation and optimisation must be objectised for reliable space 
applications [SE1–SE4].  
The fundamental motivations for the highly adaptive small satellite (HASS) 
concept are, but are not limited to, in-orbit adaptability, reliability, 
multifunctionality, enhanced portability, system-level simulation of spacecraft, 
reduced manufacturing and integration complexities, cost-effectiveness, 
safety, low carbon footprint, post-mission re-application and flexibility in 
deployments [SE1–SE8]. This capability-based space system design [SE1, 
SE2] will gain increasing and expanding applications in future deployments of 
constellations of small satellites. The novel HASS system architecture has an 
in-built redundancy and radiation shield for onboard semiconductor 
components which can be re-engineered while in orbit. 
The categories of highly adaptive small satellites [SE1, SE2] are highly 
adaptive microsatellites (HAMs), highly adaptive nanosatellites (HANs), highly 
adaptive picosatellites (HAPs), highly adaptive femtosatellites (HAFs) and 
highly adaptive attosatellites (HAAs); this thesis focused on the first four 
categories. Moreover, the mass of each category follows the mass 
classification convention used for traditional small satellites. 
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1.2 Background Statement 
The conceptual design of satellites involves several modelling and simulation 
approaches that span single person calculations to multiple organisations 
employing complex and advanced interconnected computer models for 
optimised solutions [SE1, 13]. The four design approaches that are currently 
utilised within the space community include back-of-the envelope techniques; 
single-use, computer-aided models; serial processes; and integrated 
concurrent engineering [SE1, 13]. These techniques can be combined to 
meet the customer’s needs or a hybrid of several design methods may be 
implemented. Whatever the adopted design approach, a single solution or 
specific mission design interests may be the focus.  
The conceptual design is influenced by several factors and design 
constraints and has no unique “right” technique [SE1, SE2, 13]. Issues 
ranging from the project manager’s background, corporate culture, team 
leadership, cultural differences, and dynamics also determine the choice of a 
conceptual design approach for a spacecraft mission [SE1, 13]. 
The increase in the number of spacecraft launched each year has 
necessitated a reassessment of the system engineering margins governing 
their design, production and operation [SE1, 13, 15, 17, 25–30]. Technical 
and environmental constraints [SE1] have also prompted a review of existing 
SE procedures used for spacecraft programmes [SE4, 13, 15, 17, 31–33]. 
Satellites are generally deployed in orbits with mission-limited self-generated 
power margin and electronics-degrading radiation environment [13, 15]. For 
instance, the majority of artificial and communication satellites are placed in 
the LEO; this has an altitude span of 160–2000 km and houses small 
satellites such as microsatellites and nanosatellites [15]. As a non-
geostationary orbit, LEO contains satellites that form a constellation to 
provide continuous coverage [15, 30–39]. They experience atmospheric drag 
(due to gases in the thermosphere) and harsh radiation environment. Below 
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600 km, the orbital lifecycle of a satellite is constrained by atmospheric 
friction and unpredictable. The satellite’s lifecycle increases with the altitude 
of the orbit by design. The high-altitude satellites enjoy wide coverage due to 
the increase in the footprint angle. A disadvantage with high altitude flight is 
the increase in radiation resulting from the Van Allen belts; this damages 









Figure 1.2.1. Effect of a Charged Particle on a Semiconductor in LEO 
 
Moreover, incoming charged particles (such as an alpha particle or heavy 
ion) impact semiconductors leaving trails of ionisation through the substrate. 
Consequently, a momentary current pulse proportional to the incoming 
energy state is set up in nearby transistors (Figure 1.2.1). This can change 
the data states of memory cells and flip-flops in semiconductor devices [11, 
15, 18]. 
Similarly, cosmic rays and heavy charged particles streaming out from the 
sun in the solar wind react with gases in the upper atmosphere to produce 
high energy neutrons. A neutron impact on a semiconductor device may 
collide with a silicon atom in the substrate. A cloud of heavy ions may be 
ejected resulting in a current pulse in the electronic device (Figure 1.2.2). 
These neutrons impact on the onboard semiconductor devices to produce 
unpredictable in-orbit failures in semiconductor subsubsystems and 
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of the incoming neutron, can cause data in memory cells and flip-flops of 
complementary metal-oxide semiconductors (CMOS) integrated circuits (ICs) 
to change [14, 17]. As a result, the space systems in LEO have a potential 
replacement timeframe of 10 years [15, 16]. This translates into a huge 
investment cost that could be avoided through a judicious post-launch and 










Figure 1.2.2. Effect of a Neutron on a Semiconductor in LEO 
 
Furthermore, limited frequency spectrum and spatial capacity (orbital 
slots), high equipment cost, increased space debris [34] and expanding 
global broadband connectivity require capability-based space systems [SE2, 
SE4, SE7]. 
Satellite attitude control and space situational awareness are of great 
concern within the space community [SE5, 34]. A good number of spacecraft 
system issues bordering on real-time space surveillance are yet to be 
qualified for satellite applications [SE5]. Technologies such as active 
electronically scanned array (AESA) radar [35, 36] and mm-wave low noise 
amplifiers (LNAs) [SE7, 37–43] have been qualified for flexible, proactive and 
reactive beamforming [SE3] and image detection. These are also considered 
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A satellite procurement programme often starts with the design and 
development phase [6, 9, 11, 13]. This includes the analysis and design of 
the various systems, subsystems and units of a satellite; the mechanical 
models development; and test platforms for innovation certification prior to 
deployment [43-48[. Furthermore, a priori deployment requirements also 
involve various tests bordering on temperature variations, acoustic vibration 
levels and acceleration levels. These form an integral part of the overall 
engineering model standard tests for space equipment [15, 16].   
The development of the highly adaptive small satellite (HASS) seeks to 
overcome the enormous technological and operational challenges of space 
programmes cost-effectively [SE1, SE2, SE7]. A HASS is a reconfigurable, 
multifunctional and adaptive small space satellite that has capabilities for 
dynamic space applications and operations while retaining its designed 
optimal performance [SE1, SE2, SE5]. Existing SE procedures [13, 15] are 
insufficient to give a complete analysis of this type of space system. Hence, 
the need to review the existing SE with respect to the emerging space 
satellite architectures, technologies and applications [SE1 – SE3]. To achieve 
appropriate link budget and system engineering analyses of capability-based 
small satellites missions, an objective assessment and computation of the 
component-, subsystem-, and system-levels parameters requirements must 
be carried out. This thesis presents the measurement-derived parametric 
models for the system engineering analysis of communication, meteorology, 
planetary, and other small satellite programmes with recourse to the initial 
mission, conceptual design, and post-mission objectives. Mass and power 
margins constitute the critical resources under investigation besides the link 
contingencies [SE8] and operational times [SE2]. 
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1.3 Spacecraft System and Missions Design Tools 
Review  
Novel attempts have been made to design space systems based on single 
and multidisciplinary designs optimisation and architecting resulting in useful 
existing systems engineering tools [SE7, 3, 25, 31, 32, 41, 42]. These 
techniques are utilised in the space industry to optimise satellite constellation 
architectures and spacecraft designs; spacecraft missions such as NASA’s 
Near Earth Asteroid Rendezvous (NEAR) attest to the application of this 
technique for the conceptual design of spacecraft and distributed satellite 
systems (DSS) [17]. Furthermore, a dynamic programming approach has 
been utilised to assess the impact of subsystem technologies on the overall 
performance and cost of spacecraft missions [17]. The Ball Aerospace and 
Technologies Corporation have also developed reconfigurable multifunctional 
spacecraft architectures (RMA) [9]. Though their work advances space 
systems engineering beyond the traditional discrete component-oriented 
design approach, it fails to emphasise the enabling technology of the 
multifunctional modules to higher-level mission-specific functions. Moreover, 
the RMA concept does not address the system-level implications of the 
multifunctional structural units that contain the embedded electronics, wiring, 
thermal control and required discrete devices. 
The majority of the spacecraft systems works have been on individual 
spacecraft and constellations designs and management issues [13, 15, 49-59] 
without an obvious recourse to a capability-based spacecraft adaptation [SE1, 
SE2]. Thus, the HASS system is a new spacecraft design approach that 
incorporates capability-based space systems, subsubsystem-, subsystem- and 
system-levels technologies, cost and system-level performance, adaptability, 
reliability, multifunctionality and reconfigurability in its mission 
accomplishment [SE1, SE6–SE8]. Spacecraft systems engineering design is a 
complex integration of interdisciplinary fields, technologies and specialties 
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[13, 15, 60-70]. Table 1.3.1 lists some of the dominant system engineering 
design tools in common use today by space systems design experts [17, 58–
68]. Some of the tools were developed for private use and unique 
applications and therefore not available for the public.  
 
Table 1.3.1. Major Spacecraft Systems Engineering Design Tools [31] 
Tool Use 
Modsat A software for small satellite design; interactive execution, 
defining alternative hardware configuration, feasibility verification, 
performance testing, utility sizing and optimisation. 
ASSESS Rapid spacecraft architecture analysis, concept exploration, and 
cost estimation. 
STK A suite of analysis software tools that addresses all phases of 
satellite system’s life cycle, including policy development and 
design phases. 
COBRA Automated assessment of program cost risk and schedule risk as a 




Mapping of “what if” cost and performance trade studies for Air 
Force missions. 
ESSAM Small satellite bus component selection. 
GENSAT Object-oriented software that interconnects existing commercial 
satellite subsystem tools (STK, CAD, IDEAS, etc.) and component 
databases for systems design. 
ICE Concept definition of novel space missions via integrated 
information systems. 
MERIT Automated assessment of the cost and performance implications 
of inserting existing s. new technologies into spacecraft bus. 
MIDAS Analysis of Proposed spacecraft designs via integrated tool 
executions on distributed machines. 
Modelsat Cost and mass modelling for communications satellites. 
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Project Trades  
Model (PTM) 
Cost and performance prediction of novel interplanetary and space 
science missions. 
QUICK Spacecraft design programming language with extensive 
component databases and scaling relationship for conceptual 
spacecraft design. 
ISSODMA Combines STK with designing, analysing, certifying and optimising 
the project of satellite orbit design during the proposal research 
stage. 
SCOUT Single spacecraft mission bus component and launch vehicle 
selection. 
SMALLSAT Earth observation spacecraft senor and satellite bus configuration. 
SMAD Software automation of the calculations in Larson and Wertz’s 
Space Mission Analysis Design. 
SpaSat A preliminary spacecraft sizing, cost estimating and orbital analysis 
tool for Ball Aerospace missions. 
 
The HASS system engineering design process and analysis has been 
developed and presented in this thesis as an additional SE tool that enables the 
design of capability-based spacecraft. The HASS SE process/methodology 
bridges the gap between traditional spacecraft SE and complex adaptive 
spacecraft SE [SE1, SE2, SE7, SE8]. It serves as a tool for a full-scale 
conceptual design and analysis of modern and future adaptive small satellites 
[SE1, 15]. The procedure can be extended to cover large spacecraft systems 
[13] employing the adaptive architecture [SE10].  
 
1.4 Spacecraft System Engineering Design  
System engineering (SE) involves the specification of the objectives of a 
system and the qualification of the components and subsystems needed to 
satisfy its requirements cost-effectively. Hence, the customer requirement(s) 
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comes first before the selection of the relevant technologies mix or system 
that satisfies it.  
An understanding of a system is essential for developing a sustainable and 
reliable SE procedure. The context, behaviour and subsystems of a system 
explain its purpose and essence. A complex system comprises integrated 
networks of functional hardware, software, firmware and human resources. 
Each layer of a complex system is a system in its own right. Thus, each layer 
of a complex system contains the context, behaviour and subsystems (called 
subsubsystems) unique to it. Consequently, this results in a system of 
systems (SoS). As an example, consider a spacecraft constellation or 
formation flying in which spacecraft, international space station engineers 
and scientists, ground station controllers/mission operation team work 
together using telemetry, engineering data, command and data signal, radar 
and communication systems to maintain satellites in the correct orbit in an 
unpredictable environment throughout their lifecycles. Each functional 
member of the system is a unique system with qualifying and quantifiable 
engineering attributes and/or characteristics [14, 17, 25, 27–30]. 
A SoS is, therefore, defined as “a set or arrangement of systems that are 
related to or connected to provide a given capability. The loss of any part of 
the system will degrade the performance or capabilities of the whole” [29]. 
According to the Department of Defence (DoD) Guide for SoS, a SoS refers to 
“a set or arrangement of systems that results when independent and useful 
systems are integrated into a larger system that delivers unique capabilities” 
[29]. These two definitions of SoS recognise the constituent parts of a system 
and their unique attributes that enable the system to achieve the intended 
purpose. Advances in adaptive and reconfigurable subsubsystems, 
subsystems and systems devices, designs and architectures have enabled the 
development of multifunctional and deterministic SoS [SE1, SE5, 10]. A 
complex system has its constituent elements as subsystems which in-turn 
have subsubsystems within their boundaries. The “Vee diagram” gives a 
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complete level-by-level breakdown of a complex system (or SoS) and the 
process of design, build and test to develop, qualify and deploy the system. 
This top-down process for complex systems or SoS design is called the SE 















Figure 1.4.1. The Vee Diagram of a System Design Process. 
 
The V diagram is shown in Figure 1.4.1 [29]. It is the acceptable design 
process with no recourse to the backtrackings and parallel nature of activities 
that take place in complex systems. For example, spacecraft engineers may 
develop smart constellation payloads but are not entirely sure of how the in-
orbit operation will be following an adopted integration architecture. The 
detailed functions, performance targets allocation and interface refinement 
are explained on the left-hand side of the V. This process is applied to each 
subsystem and subsubsystem until the attributes and/or specifications are 
stated. The design-build domain at the base of the V houses where engineers 
develop and proffer solutions that meet the stated system constraints or 
specifications. Design validation and qualification occur on the right-hand side 
































Introduction   Spacecraft System Engineering Design   
31 
 
ascertain compliance with the objectives of the design mission; respective 
components and modules tests precede the system-level integration tests and 
verification. The final verification and/or validation tests involve the customer 
(and market)’s response to the design; this indicates whether the objectives 
of the mission have been met by the design.  
 The international council of systems engineering (INCOSE) has defined 
the relevant steps in the complete SE process. It is a structured process and 
begins with stating the problem relating to the customer needs/requirements. 
The end is a solution or an output in terms of a system that delivers the 
requirements or a product resulting from having the system in place. The 
SIMILAR process for SE [16] is summarised thus:  
 State the problem; 
 Investigate alternatives; 
 Model the system; 
 Integrate; 
 Launch the system; 
 Assess performance; and 
 Re-evaluate the steps with respect to stakeholder needs. 
 For instance, consider a communication spacecraft system developed for 
the LEO. The key drivers for the requirement that the system is expected to 
satisfy can be stated as follows: 
 the market, the people and the organisations requiring the communication 
capability; 
 identification of the locations for deployment/delivery of the 
communications; and 
 characterisation of the services available such as voice, video and data.  
 System engineering of spacecraft involves the functional development of 
the detailed engineering tasks in a spacecraft design. It begins with the 
complete requirements that should characterise the satellite system together 
with the choice of key aspects that satisfy those requirements. In spacecraft 
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sizing, the technology choices and redundancy levels form the input for 
satisfying the payload requirements and core bus subsystems; the spacecraft 
sizing model uses these information and the chosen launch vehicle data to 
determine the power, mass and size of the spacecraft.  In satellite system 
engineering, key performance parameters are tracked and assessed based on 
the observed system-level changes. Subsystem failures and/or issues 
revealed during final system integration are redressed by 
simulation/modelling. Vital technical adjustments are then carried out to 
ascertain the desired system-level functional margins [SE5, SE12].  
1.5 Aim and Objectives of the Research  
This research aims to establish a design routine that will enable the 
development and construction of capability-based small satellites for next-
generation multipurpose space applications based on the enabling and 
emerging adaptive and active devices technologies. The attendant merits of 
reduced launch time and cost, reliability and multifunctionality are amongst 
the expected benefits from this novelty [SE1, SE2, SE6, SE10, SE12]. 
The main objectives of the proposed research work follow: 
 To identify emerging space systems technologies for applications requiring 
adaptive spacecraft systems; 
 To develop a design methodology and a technology framework for the 
conceptual design of an adaptive small satellite system. The methodology will 
search the trade space (design variables) and reveal the best solutions 
following the metric(s) of choice; 
 To develop an adaptive multifunctional architecture for capability-based 
spacecraft systems that are reconfigurable while in orbit; 
 To establish adaptive spacecraft design models for each small satellite 
subsystem for various space applications; and 
 To provide a novel, inventive and adaptable small spacecraft electronic 
subsystem engineering design approach for different operational constraints 
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thereby establishing a sustainable technology platform for the space 
community. 
1.6 Thesis Overview 
A system engineering design methodology was developed to establish a small 
satellite electronic subsystem engineering design procedure and architecture 
[SE1, SE2, SE5, SE10]. The implementation of the developed research 
methodology for this PhD study work was formulated around technical 
publications that demonstrate “a strong academic career evidenced by 
publication.” Hence, the method adopted for this study is a compilation of the 
analytical commentary of the published and prevailing research works in the 
subject area of the research project. This entails detailing the relevant peer-
reviewed and refereed publications that show convincing evidence of the 
capacity to pursue research and scholarship and make an original 
contribution and substantial addition to the pool of knowledge. The adopted 
research project methodology involves a careful study, statistical analysis 
(Appendix 1) and implementation of the enabling and emerging space system 
technologies, architectures and design concepts for realising adaptive small 
satellites for space applications [SE1, SE4]. This work focuses on the power 
and mass budgets as the premium resources for spacecraft system 
engineering margins design [SE1, SE2, 13, 15]. The small satellite 
subsystems constitute its functional blocks. The eight subsystems of a typical 
satellite system to be considered are the propulsion; attitude and control; 
electrical power supply; thermal control; communication; command and data; 
structure and mechanisms; and payload. 
Chapter one critically introduces the motivation and background 
statement behind the adaptive small satellite design for space applications 
research. The background statement critically examines the challenges of the 
spacecraft mission project and shortcomings of the conventional approaches 
in addressing them. Spacecraft systems engineering and design tools are 
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covered. The highly adaptive small satellite (HASS) has been proposed to 
reliably, sustainably and cost-effectively accommodate the electronic 
subsystems concerns of the space community. 
Chapter two presents the full narrative of the research and highlights the 
contributions to the pool of knowledge in the subject area and the allied 
fields. 
Chapter three contains the full paper contents of the published works that 
demonstrate the novelty of this research. 
The conclusion and future work surrounding this thesis/analytical 
commentary are presented in chapter four. The pertinent contributions of the 
research are explained here. The future research works possible with the 
novel highly adaptive small satellite system are contained in this chapter. 
Moreover, the statistical analysis for mass-based power estimating 
relationships for LEO satellites is stated in Appendix 1.  
 
1.7 Summary  
The motivation for the adaptive small satellite design for space applications 
research has been explained in this chapter. Key emerging space 
applications; enabling existing technologies and architectures; payloads; and 
advanced production techniques(s) have been explored. The background 
statement gives a critical analysis of the implementation constraints 
encountered in a given spacecraft mission project; the incapability of the 
traditional small satellite design approaches in addressing the challenges has 
been stated. The highly adaptive small satellite (HASS) has been proposed for 
capability-based missions with recourse to in-orbit system re-engineering for 
post-mission re-application. The major system engineering design tools have 
been critically studied, compared with the HASS system and presented in this 
chapter. Moreover, this chapter contains the aim and objectives of the thesis. 
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Chapter Two  
Adaptive Small Satellite Subsystems 
Engineering 
2.1 Introduction 
This chapter contains the full narrative and the key contributions of the 
research work. It is arranged into adaptive subsystems design methodology; 
adaptive multifunctional architecture design; adaptive subsystems 
engineering analysis; adaptive beamformer for small satellites; impact of 
noise figure on a  satellite link; adaptive small satellite customisations; and 
adaptive subsystems operational times analysis. 
2.2 Adaptive Subsystem Design Methodology 
This section presents the system engineering design and analysis 
methodology for highly adaptive small satellites developed for the conceptual 
design and validation of the mass and power budgets of HASS electronic 
subsystems.  
The design, development and implementation of conventional satellite 
systems emphasise the problem analysis methodology required of a holistic 
systems engineering [2, 4, 13]. The traditional satellite subsystems design 
methodology is point-based and non-reconfigurable with no recourse to 
multifunctional mission applications and reuse. Whilst conventional 
multifunctional structures designs do exist, they are based on a mission-
specific methodology [1, 2]. The HASS subsystem methodology incorporates 
multifunctional analysis and design engineering [SE1, SE10]  of a system into 
a capability-based space satellite programme. Hence, two systems 
engineering design methodology concepts have been contributed to the 




existing pool of knowledge, viz: systems engineering design process and 
systems engineering design analysis. The contributed systems engineering 
design process refers to the inherent interrelated multifunctional system of 
systems architecture adopted for a capability-based satellite system design. 
Similarly, the systems engineering design analysis refers to the inherent 
interrelated capability-based systems engineering design resources 
considerations and trade-offs for a capability-based satellite system design 
[SE1, SE2].  
The developed adaptive subsystem methodology [SE10] considered 
enabling and emerging technologies and so can be extended and scaled-up 
to address the mission definitions requirements of medium and large 
spacecraft [SE1, SE2, SE4]. The HASS design approach [SE10] eliminates the 
prevailing limitations of conventional satellite design methods – which are 
wholly based on pre-set requirements and non-components-level 
reconfigurations [2, 4, 14]. The developed HASS methodology is founded on 
the fundamental satellite systems engineering design process and generalised 
information network analysis model [SE1, SE5]. The functional definitions of 
the HASS methodology allow for the spacecraft mission and conceptual 
design objectives to be studied within a capability-based framework [SE1]. It 
is an iterative process that defines and combines the mission requirements 
with recourse to the space system transformation. Subsubsystem-level 
technologies are chosen for integrated applications with allowance for trade-
offs and performance assessment [SE8]. Capability-based mission objectives 
are supported and implemented using a reconfigurable satellite architecture 
platform [SE1, SE8]. Furthermore, the quality of service metrics for the 
relevant mission is assigned and the system design variables space explored 
for a solution. This is followed by HASS-based multicriteria studies aimed at 
qualifying the optimal system architectures [SE7–SE9]. This adaptive space 
system-level platform allows the designer to optimise device technologies, 
systems and subsystems configurations and architectures in an integrated 




environment [SE2, 15]. In a typical HASS system implementation [SE5], 
radiation effects are mitigated using radiation-hardening by design [14, 15]. 
Current and future spacecraft systems engineering analyses can be 
accomplished using the HASS methodology for an objective satellite mission 
study and development [SE1, 13, 15]. 
 
2.3 Adaptive Multifunctional Architecture Design 
Traditional satellite architectures follow a subsystem-oriented design 
approach [13, 15]. The adaptive multifunctional architecture (AMA) design 
concept [SE5] utilises multifunctional satellite scaling techniques to 
implement subsystemless architectures. The design process accomplishes 
functions [SE5, SE7] and eliminates conventional subsystem boundaries [13–
17]. It focuses on the identification and specification of subsystem-level 
functional requirements. In this approach, the functions of several 
subsystems are implemented on a single circuit card. 
The AMA design platform enables deterministic applications and lends 
credence to real-time performance. It contains point-to-point links that 
provide inter- and intra-subsystem communication and lower latency. The 
term “deterministic” connotes “real-time” and is widely used to describe 
systems employing FPGAs for various reconfigurable applications. In the case 
of HASS systems, the deterministic multifunctional architecture (DMA) 
approach allows for relocating system functionalities across and within the 
monolithic FPGA-RF/microwave subsystems. Thus, multiple mission 
capabilities can be sustained by changing parts of the adaptable architecture 
without interrupting the running functionality(s). The DMA implements 
reliable, flexible and high bandwidth links without undue population of FPGA 
I/O pins that characterise non-HASS systems. For instance, the HASS system 
is able to assign spacecraft resources to essential (such as attitude 




determination and control) and non-essential (such as offline image or audio 
signal processing) functionalities without any overheads and/or penalties. 
The AMA uses the modularity and high/low integration lightweighting 
strategies to achieve an efficient small satellite design [SE5]. It uses 
functional modules [SE5, SE10, SE11] to realise high-level mission-specific 
and non-specific functions. The functional design paradigm employs the 
functional modules for a small satellite design. These modules give the 
satellite system modularity that supports the high-level functionality(s) 
required for customised and re-engineered space missions [SE10, SE12]. 
Each adaptive multifunctional structural unit comprises a composite panel 
that provides mechanical, electrical and thermal functionalities. Compared 
with traditional and existing functional design-based satellites, physically 
replaceable/upgradeable components of the AMSU are fewer; this is a huge 
cost benefit for any space mission. The benefits of the AMSU implementation 
onboard a HASS system includes, but are not limited to, the elimination of 
massive wire harnesses and connectors, increased system-level reliability, 
fast design re-engineering, streamlined subsystem integration and test 
process and cost-effective mass production.   
 
2.4 HASS Subsystems Engineering 
The success of the satellite subsystems engineering depends on the optimal 
design, modelling, simulation, and validation of the deliverables of the 
conceptual and mission design objectives. Moreover, the design and 
development of capability-based and adaptive multifunctional small satellites 
require a reliable subsystems engineering procedure. In Papers SE1 and SE7, 
HASS-based parametric system engineering design estimating relationships 
have been developed. The emerging technology-based subsystem 
engineering design procedure [SE1] can be utilised for the conventional small 
satellites programmes [15] respecting the relevant resources assignment 
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adjustments.  The is a major contribution to the space community as it 
enables the conceptual and mission objectives of spacecraft missions [13, 15] 
to be validated prior to the full system implementation. The presented 
adaptive subsystem engineering for mass and power budgets for HASS 
systems can accommodate space missions applications and post-mission 
reuse in the GEO, MEO and LEO [SE1, SE7, SE11]. The cost reduction is more 
for HASS systems compared with the conventional satellite design 
architectures and concepts. The HASS novelty is in the SE design and 
emergent missions capabilities enablement with the attendant economies of 
scale over the traditional satellite systems.    
 
2.5 Adaptive Beamformer and Communication 
Link 
Small satellite communication links are required to be stable for optimal 
temporal and spatial data transmissions. A key requirement of an adaptive 
sensor array involves the ability to deterministically adjust the directional 
response of the array to reduce noise, null interferences and enhance the 
gain and quality of the desired signal. A low-carbon adaptive broadband 
beamforming algorithm has been developed [SE3]. It enhances the desired 
signal based on the noise conditions of the individual omnidirectional sensors 
deployed in a complex dynamic environment that is prone to steering errors. 
The adaptive beamformer can accurately estimate the Doppler frequency for 
applications involving satellite navigation system receivers of vehicles under 
varying environmental conditions. Ubiquitous seamless inter-satellite and 
satellite-to-ground data transmissions for integrated terrestrial-space 
communications require the implementation of adaptive beamforming 
algorithms [SE3, SE5]. Moreover, distributed satellite networks (including 
satellite constellation, formation flying spacecraft, fractionated spacecraft and 
swarms/clusters) [SE13] require adaptive broadband beamforming 
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capabilities [SE5]. Given these stringent requirements, the regulated-Frost 
beamformer [SE5] is an ideal candidate for HASS missions. Also, its antenna 
subsystem can be additively manufactured [3] with the onboard HASS 
electronic subsystems for high quality reliable data transmissions and 
receptions.   
Furthermore, adaptive low-noise amplifiers [SE6, SE8] enable 
reconfigurable satellite links to be realised for cost-effective and sustainable 
data communication applications. In this research, the impact of noise figure 
on the carrier and data links performances of a HASS application has been 
established and quantified [SE6]. The findings would enable reconfigurable 
subsystems for reliable, dynamic, broadband and adaptive space operations. 
 
 
2.6 Adaptive Subsystems Operational Times 
Analysis 
A further contribution of this research is in the multiple power modes and 
operational times that can be realised onboard the HASS system. A real-time 
reconfiguration of the operational times of multifunctional satellite 
subsystems [2] is an emerging research interest within the space community 
[13, SE2, SE9]. The operational times of spacecraft subsystems overpower 
modes can be reconfigured in orbit to reliably sustain the operating 
conditions of the capability-based satellite components for ubiquitous 
communication. The subsystems of space satellites experience different 
orbital and eclipse periods. Hence, an in-orbit operational times 
reconfiguration design process [SE2, SE9] has been developed for all 
categories of HASS subsystems and systems to ensure optimal mission 
operations. This represents a major contribution to the pool of space 
technology knowledge that would benefit the space community. The basic 
power-storing and overpower modes can be implemented while a HASS 
system is in orbit and performing a given mission [SE2]. The capability-based 
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architecture enables power modes spanning power-storing, communications 
(uplink and downlink) and payload processing to be carried out with recourse 
to the prevailing orbital pattern(s) of the HASS mission. Hence, different 
operational times for the various power modes and feasible missions can be 
adaptively reconfigured for key mission operations including data capturing, 
onboard processing and transmission. This would enable LEO satellites to 
adapt their mission objectives to the stringent (10 minutes) temporal data 
transmission window during their orbital period; this occurs when an Earth 
station is within the footprint of the satellite. For propulsive missions, the 
HASS system enables integrated multiple operational modes [SE1, SE2, SE5] 
for miniature solar electric propulsion and cold-gas micropropulsion 
subsystems [SE4, 15] to be reliably and cost-effectively incorporated. A 
switch between passive and active phases for the ADC and the thermal 
control provides a hybrid optimal operational margin for the satellite system 
[SE2]. The HASS system has the capability to enhance the performance of 
primary and secondary satellite payloads by providing component-level 
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Chapter Three  
Technical Publications 
3.1 Introduction 
The relevant peer-reviewed and refereed published works that demonstrate the 
novelty of this research are stated in this chapter.   
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Chapter Four  
Conclusion and Future Work 
4.1 Overview of Research Contributions 
This thesis/analytical commentary provides a parametric system engineering 
analysis of capability-based small satellite missions respecting the enabling 
and emerging space satellite technologies. A new subsystem design approach 
for highly adaptive small satellites called the adaptive multifunctional 
architecture has been developed. This new design concept leverages on the 
existing scaling techniques and technologies but beacons on the functional 
design concept. This is important because of the increasing dependence on 
cost-effective, reconfigurable space-borne assets (especially in the low-earth 
orbit) to complement terrestrial radio access technologies [SE1, SE5–SE7]. 
The novel system engineering process and design methodology developed in 
this research for current and future-generation satellites is currently being 
adopted and/or applauded by experts in the space community. The presented 
adaptive small satellites SE design process and analysis have been utilised to 
design and validate a solar thermal power propulsion system and 
communication link budget for small satellite missions.  
Furthermore, the HASS system has been developed as a network of 
functions with reconfigurable intra- and inter-subsystem and module links. 
This eliminates a single point of failure, enhances a deterministic operation 
and/or helps to sustain a real-time performance [SE5]. 
This research work has significant and coherent contributions to 
knowledge and scholarship. The following are some of the novel inputs to the 
archive of space satellite programmes development for the space community 
thus:  
 




 capability-based adaptive small satellites systems engineering design 
process to support additively manufactured components and reduce 
SWaP-C penalties; 
 design routine and architecture for multifunction small satellite 
structures for significant mass, volume, power consumption and cost 
savings;  
 small satellites systems engineering analysis for sustainable mission 
applications and post-mission re-use; 
 integrated adaptive small satellite electronic subsystems design, 
modelling, simulation, development and validation; 
 reconfigurable small satellites' operational times and ubiquitous data 
relay analyses; 
 advanced beamforming algorithm and beamformer subsystems 
development for low-cost earth-space communication applications;  
 small satellites communication link margins refinements and 
enhancements; and 
 multicriteria optimisation techniques development for sustainable small 
satellites design and applications. 
4.2 Future Work 
This research promises to advance the capability-based space systems 
designs for next-generation and future spacecraft missions. An aspect of the 
future work includes a full-scale implementation of the adaptive 
multifunctional architecture at the component-, subsystem- and system-
levels. Moreover, developed adaptive multifunctional structural units will be 
tested for satellite link improvement and post-mission re-applications. 
A further research extension of this work will focus on implementing the 
relevant active and adaptive devices technologies in the additive 
manufacturing of HASS subsubsystems, subsystems, modules and systems. 
 




The presented HASS design methodology features a multicriteria design 
variables study. The parameter space integration (PSI) method has been 
used for establishing the correct statement and solution of real-life 
optimisation problems. Space shuttles, aircraft, rockets and unmanned 
vehicles have been designed with this optimisation concept. The PSI 
technique will be implemented in a HASS system multicriteria study for 5G-
enabled earth-space communications. 
An investigation of the possibility of implementing heterogeneous space-
based adaptive wireless sensor networks (SAWSNs) shall be carried out for 
various formation-flying and constellation satellites. Finally, Advanced radio 
access technologies (such as the 5G communication standard) will be 
investigated for a sustainable multi-standard satellite broadband backhaul for 
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A. Statistical Analysis of Mass-based PERs for LEO 
Satellites  
To validate the mass-based PERs for LEO satellites, a statistical analysis 
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For a 1-D space, Eqn. A1.1 becomes: 
 
OWXWXf  1)(         (A1.2) 
 
For a high-dimensional space, Eqn. 3.13 becomes: 
 
OWWXXf )(                  (A1.3) 
 
where W and X are the vectors and W.X is the inner product of vectors W 
and X. 
The loss function [130] is the amount of residual error obtained after fitting 
the linear function. The residual error is the sum of all dependent (system’s 
resource) variable values, Yj (target design parameter), minus the prediction 
which is W1Xj – Wo to the square. Mathematically, the loss function is given 
by: [130] 
 







oii WXWYLoss                 (A1.4) 
       
 
This gives the quadratic error between the target tables and what the best 
hypothesis can produce. The minimising of loss is used for the linear 





               (A1.5) 
                
The next step involves the minimisation of the quadratic loss [130]. 
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Differentiating Eqn. A1.6 with respect to Wo and equating the result to 
zero yields: 
 





L        (A1.7) 
 
From Eqn. A1.7, the Wo term is given by: 
oii MWXWY   1              
or,  









W 11               (A1.8) 
 
where M is the size of the data. 
Similarly, differentiating Eqn. A1.6 with respect to W1 and equating the 
result to zero yields: 
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